ABSTRACT: Alloyed and compound contacts between metal and semiconductor transistor channels enable self-aligned gate processes which play a significant role in transistor scaling. At nanoscale dimensions and for nanowire channels, prior experiments focused on reactions along the channel length, but the early stage of reaction in their cross sections remains unknown. Here, we report on the dynamics of the solid-state reaction between metal (Ni) and semiconductor (In 0.53 Ga 0.47 As), along the cross-section of nanowires that are 15 nm in width. Unlike planar structures where crystalline nickelide readily forms at conventional, low alloying temperatures, nanowires exhibit a solid-state amorphization step that can undergo a crystal regrowth step at elevated temperatures. In this study, we capture the layer-by-layer reaction mechanism and growth rate anisotropy using in situ transmission electron microscopy (TEM). Our kinetic model depicts this new, in-plane contact formation which could pave the way for engineered nanoscale transistors.
T he metal−semiconductor contact in ultrascaled devices is one of the most critical factors limiting device performance, especially in the world of "smaller is better", 1 where nanowires 2−4 and high aspect ratio rectangular channels known as Fins 5−7 excel. Alloyed contacts, formed by thermal annealing of metal−semiconductor nanowires, are prescribed for lithography-free self-aligned gate design. 8, 9 The advent of semiconductor nanowires evoked reevaluation of the thermodynamics, 10 kinetics, 11, 12 and phases 13, 14 in nanoscale metal− semiconductor reactions, which deviate significantly from the behaviors exhibited by their planar counterparts. These efforts captured the evolution of the reaction along the axis of the nanoscale channel, 15−17 but the early stage of the reaction under the metal contact in the radial direction of the nanowire's cross-section is critical and has not been studied until now. From a materials perspective, the early stage of the reaction can govern the channel's final phases and crystalline orientations once the reaction extends into the horizontal segment (forming an end-bond-contact geometry) and can be largely affected by local defects 18 or interfacial properties. From an engineering perspective, the early stage reaction facilitates a side-contact geometry in nanowire devices that is more desirable for selfaligned technology than an end-bond-contact geometry. These issues demand a detailed understanding of the early stage reaction along the nanowire's cross-section.
Here, we focus on the narrow band gap, high electron mobility III−V semiconductor, In x Ga 1−x As, motivated by its potential in sub-10 nm metal−oxide−semiconductor field-effect transistors (MOSFETs). 1 Ni permits superior metal contacts to In 0.53 Ga 0.47 As devices 19 by diffusing into In 0.53 Ga 0.47 As and forming a metallic nickelide (Ni x In 0.53 Ga 0.47 As) phase through a solid-state reaction, 20−22 analogous to the nickel silicide (Ni x Si) to Si devices. In planar device geometries, the nickelide reaction starts at ∼230°C, and the polycrystalline phase is thermally stable up to 450°C. 23 The Ni x In 0.53 Ga 0.47 As lattice adopts the NiAs (B8) structure with x = 2 (Ni 2 In 0.53 Ga 0.47 As). 24−26 However, in nanowire structures, the reaction dynamics and formed phases are yet to be understood. Herein, we perform in situ TEM heating experiments to characterize the solid-state reaction between Ni and the In 0.53 Ga 0.47 As nanowire along its cross-section. Figure 1a −b shows the in situ heating stage and the compatible thermal E-chip that has a thin membrane window for placing our specimen. Temperatures are controlled by resistive heating and are continuously measured on-chip with a thermocouple. Samples that have Ni contacts on In 0.53 Ga 0.47 As nanowires were fabricated on a separate substrate and transferred on top of the membrane window of a thermal Echip by focused-ion-beam (FIB) milling via the lift-out procedure (see section I of Supporting Information, SI). In the first set of in situ heating experiments, we chose a specimen that had a thin (1−2 nm) surface oxide layer in between the Ni contact and In 0.53 Ga 0.47 As nanowire (Figure 1e ). This was to prevent the intermixing 27 between Ni and In 0.53 Ga 0.47 As nanowire upon Ni deposition ( Figure S1 , SI). The as-fabricated In 0.53 Ga 0.47 As nanowire had a square cross-section with an edge width of ∼15 nm. At temperatures above 180°C, Ni diffused through the interfacial oxide layer and reacted with the In 0.53 Ga 0.47 As nanowire cross-section to form an amorphous nickelide (Ni x In 0.53 Ga 0.47 As) phase. This is significantly different from the planar case, as the temperature at which the reaction started was reduced by ∼50°C and the nickelide phase was amorphous rather than the crystalline Ni 2 In 0.53 Ga 0.47 As that is usually obtained at or above 230°C ( Figure S5 , SI).
To capture the details of this solid-state amorphization process, we recorded the atomic-resolution sequence at 180°C (Figure 1f ). At the onset of the reaction, the Ni diffused through the interfacial oxide layer and along the surface of In 0.53 Ga 0.47 As nanowire, quickly forming an amorphous nickelide shell of uniform thickness. Then, the nickelide shell grew evenly along the top and side surfaces of the nanowire ( Figure  1f , t = 4 min), even in regions without intimate contact between Ni and the nanowire sidewall (due to shadowing effects in the metal deposition process). The growth of the surface nickelide shell indicated that surface-diffusion of Ni atoms along the outer few atomic layers of the In 0.53 Ga 0.47 As nanowire is much faster than the volume-diffusion rate when Ni diffuses further into the nanowire cross-section. 28 Following this shell formation (Figure 1f , t = 8 min), the nickelide reaction continued along the bottom region of the nanowire that sits on HfO 2 and then extended across the width of the nanowire isolating the crystalline In 0.53 Ga 0.47 As core from the HfO 2 substrate (Figure 1f , t = 12 min) by an intermediate amorphous nickelide region. This process led to the formation of an isotropic nickelide shell surrounding the entire InGaAs nanowire circumference. At this point the (110) sidewall facets start to disappear by developing multiple {111}-type facets, while the top facet remains (001), indicating a faster reaction rate on {110} compared to {111} and {001} surfaces. This process created a stepped interface (Figure 2 ) that was gradually eliminated by {111} facets resulting in a rhomboidal core of crystalline In 0.53 Ga 0.47 As (Figure 1f , t = 24 min).
The details of the facet evolution and ledge movement are revealed in the still images of the high-resolution TEM recording (Figure 2a ) with much shorter time intervals in the time range of 12−16 min shown in Figure 1f . We observed layer-by-layer Ni reactions on {111} facets with ledge movements that can be characterized by one of the following mechanisms: (1) a step height that eliminates one In 0.53 Ga 0.47 As atomic bilayer 29 along a single <112> direction (labeled ① in Figure 2a and shown in the schematic of Figure 2c ), (2) a step height that eliminates one atomic bilayer but with the reaction proceeding from both sides of the bilayer in two opposite <112> directions (labeled ② in Figure 2a and shown in the schematic of Figure 2d ), (3) the merging of two ledges, each with a single-bilayer step height, into a single ledge with a double-bilayer step height (labeled ③ in Figure 2a and shown in the schematic of Figure 2f ) that moves simultaneously after merging, or (4) the split of a double-bilayer step height into two ledges with single-bilayer step heights (labeled ④ in Figure  2a and shown in the schematic of Figure 2e ) that moves independently after splitting. These observations imply that there was no shear stress during this nickelide reaction in our current device geometry because a fixed step height of three or more atomic bilayers is necessary in order to compensate for the shear stress during phase transformations, 30 which was not observed in our experiments. Therefore, we believe that these four possible scenarios of ledge movement are general to the Ni/III−V nanowire reaction. We emphasize that Figure 2 not only correlates the nature of ledge movements to the crystal structures in the nanowire cross-section but also tracks the time-resolved amorphization reaction in III−V materials at atomic resolution.
The general behavior of the phase transformation in the nanowire cross-section that is exhibited in Figure 2 is valid with or without the presence of the interfacial oxide. The direct deposition of metal on a compound semiconductor surface leads to the formation of an intermixing layer due to the latent heat when the metal atoms condense from the vapor phase to the solid phase. 27 Irrespective of the deposition process (electron beam evaporation or sputtering), we determined that, prior to the in situ heating experiments, our devices exhibited a Ni−In 0.53 Ga 0.47 As intermixing surface layer for those that did not have a surface oxide layer (Figure 3a) . Ion-beam irradiation intermixing during TEM sample preparation was tested and excluded as being a cause for this behavior (see section II and Figure S4 of SI). We observed that, before the in situ heating experiment started, the In 0.53 Ga 0.47 As core had a rounded top and sidewall surfaces (Figure 3b , t = 0) due to the formation of the intermixing layer. When heated to 180°C, Ni diffused through the existing intermixing layer, along the rounded surface of crystalline In 0.53 Ga 0.47 As, and reacted at the interface between In 0.53 Ga 0.47 As and HfO 2 at the bottom of the nanowire, making the In 0.53 Ga 0.47 As core even more rounded (Figure 3b , t = 3 min). As the reaction progressed, many small facets were clearly observed at 6 min and gradually developed into several {111} type of facets at 9 min. Eventually, the crystalline In 0.53 Ga 0.47 As core became a rhomboidal shape after 13 min, very similar to that of Figure 1f with the only difference being the relatively lower spatial position of the rhombus due to the initial intermixing layer.
In order to better understand the kinetics and thermodynamics of the nickelide reaction in the radial direction of the nanowire's cross-section, we developed a simple model ( Figure  4a ) to depict this metallization process. For simplicity, we assumed that (i) the metal contact was an infinite source of Ni since there was no experimentally observed depletion of Ni near the nickelide/nanowire interface; (ii) the unreacted semiconductor core and reacted metallic shell were cylindrical with perimeters, l and L, respectively; and (iii) L was fixed which is consistent with our experimental observations in Figure 4b −c. The fixed perimeter L suggests that the volume expansion due to Ni incorporation occurred in the h direction, The ledge can move with a step height of one In x Ga 1−x As bilayer, from one side (c) or two opposite sides (d) corresponding to the labeled cases of ① and ② in panel a. The ledge can also move with a step height of two In x Ga 1−x As bilayers together (e) and can separate into two single bilayers afterward (f) which corresponds to the labeled cases of ③ and ④ in panel a. and negligible strain was present in the In 0.53 Ga 0.47 As core for the present experimental conditions, as was validated from fast Fourier transform (FFT) patterns on the InGaAs regions at various stages of the reaction.
As shown in Figure 4a , the mass transport of Ni atoms in the nickelide reaction involves three steps: (1) Ni dissolution across the Ni/nickelide interface, (2) Ni diffusion through the formed nickelide shell, and (3) solid-state reaction at the nickelide/In 0.53 Ga 0.47 As interface, with Ni fluxes denoted as F 1 , F 2 , and F 3 , respectively. If one of the three steps is the ratelimiting step, the correlation between the unreacted perimeter l and time t can be expressed as follows (section III, SI):
(i) If F 1 is the rate-limiting step:
(ii) If F 2 is the rate-limiting step:
(iii) If F 3 is the rate-limiting step:
where k dissolve and k growth are the rate constants for Ni dissolution and nickelide growth, respectively. D Ni is the diffusion coefficient of Ni in In 0.53 Ga 0.47 As, and P is a constant.
We found that for the first type of specimen that had an interfacial oxide layer in between Ni and In 0.53 Ga 0.47 As ( Figures  1 and 2 ), l obeyed a linear dependence on time (Figure 4b ) that follows eq 3, a behavior that is consistent with F 3 being the ratelimiting step, i.e., kinetically limited growth at the nickelide/ In 0.53 Ga 0.47 As interface. By fitting the experimental data in Figure 4b to eq 3, we found that the fit line projected to an intercept, L, of 64.2 nm with the y-axis, which is in agreement with the external nickelide perimeter within the measurement errors. The slope of the linear fit provided the effective growth rate (k growth P) of 2.1 nm/min. Since Ni mainly reacted with three surfaces with the nanowire cross-section but not at the In 0.53 Ga 0.47 As/HfO 2 lower interface for the first 8 min of the reaction, the experimentally extracted reacted perimeter is lower than the modeled one in Figure 4b . For the second type of specimen that had the intermixing layer in between Ni and In 0.53 Ga 0.47 As (Figure 4c ), l followed a diffusion/mass-transport-limited process (F 2 ) with a characteristic dependence of eq 2. The characteristic shape of eq 2 includes rapid decays in unreacted perimeter l at both the beginning and the very end and an approximate linear segment in between. The fit to the data of Figure 4c with eq 2 included a time-offset term (t − t 0 ), where t 0 = 1.9 min, indicating that the diffusion-limited growth rate became effective after ∼2 min of reaction. This behavior raises two questions: why did the reaction rate in the second type of specimen change from kinetically limited to diffusionlimited, and what happened in the first 1.9 min before the diffusion-limited process applied? The answer to these two questions lies in the differences in the interfacial properties between Ni and In 0.53 Ga 0.47 As. In the second type of specimen, an intermixing layer readily formed upon Ni deposition, resulting in a rounded In 0.53 Ga 0.47 As cross-section ( Figure 3b , t = 0). The rounded surfaces introduced many kink sites on small steps of nickelide/In 0.53 Ga 0.47 As interfaces, facilitating the reaction rate at these interfaces and thereby accelerating the kinetics of the reaction. The rate of arrival of Ni adatoms to the reaction interface became the rate-limiting step and therefore, the nickelide reaction became mass-transport/thermodynamically limited. It is also worth noting that the initial intermixing layer during metal deposition may not reach an equilibrium concentration (solubility limit) of Ni in In 0.53 Ga 0.47 As. Upon in situ heating the sample to 180°C, Ni must first diffuse through the intermixing layer and reach a point that exceeds the equilibrium concentration within this intermixing layer before Ni supersaturates the interface and nucleation and growth of a nickelide layer can proceed. This is corroborated by the experimentally observed subtle changes in l during the first 2 min (first three red data points in Figure 4c ) that became rapid afterward. We extracted from the fits of the data from Figure 2c an L′ = 51.3 nm which agreed with the unreacted perimeter before the in situ experiment started (excluding the intermixing layer), and an effective diffusion coefficient (8πD Ni P) of 161.4 nm 2 /min, which is consistent with the volume diffusion coefficient that can be extracted from an Arrhenius plot in our previous study. 28 For t > 14 min, the measured l of the unreacted In 0.53 Ga 0.47 As region fell more quickly than the fitting curve presumably due to interference from surface diffusion of the Ni on the imaging plane which reduced the image contrast of the crystalline core underneath.
During the above in situ heating experiments, we found that the nickelide reaction resulted in an amorphous phase in the nanowire cross sections throughout a wide range of reaction temperatures (180−350°C). Interestingly, when the temperature was elevated to above 375°C, the amorphized nickelide phase regrew slowly into a crystalline nickelide phase ( Figure  5a ). During this regrowth, polycrystallites were observed in the first 5 min followed by a well-aligned single-crystalline nickelide phase that appeared at the top-left corner. At later stages of crystallization, this single-crystalline nickelide phase seeded the regrowth from top-left corner downward into the cross-section of the nanowire and then from left side to the right until recrystallizing the entire nanowire cross-section. This crystalline nickelide phase was found to be Ni 2 In 0.53 Ga 0.47 As by examining the lattice constant ( Figure 5b ) with a known value for this phase. 28 The regrown area of single crystalline Ni 2 In 0.53 Ga 0.47 As versus the entire nanowire cross-sectional area was plotted as a function of time in Figure 5c . We found that the area transition from amorphous to crystalline nickelide can be fit with the Avrami equation, 31 Y = 1− exp(−Kt n ), with n = 3.92, which is close to n = 4 that is typical for an ideal homogeneous phase transformation. 32 Using energy dispersive spectroscopy (EDS) measurements, we found that the Ni concentration at the center of nanowire cross-section increased by 1.6 times after the crystalline regrowth. We hypothesize that, during the amorphization step, Ni diffused into the tetrahedral interstitial sites of the In 0.53 Ga 0.47 As lattice and formed a metastable nickelide phase (the lattice structure is shown in Figure S6 in the SI). This is in agreement with the fact that nickelide reacts faster on {110} facets than on {111} or {100} type of facets, as <110> are usually the net crystal directions for interstitial diffusion. 33 During the crystalline regrowth step, further Ni was supplied from the surrounding contact, gradually forming the thermally stable Ni 2 In 0.53 Ga 0.47 As phase. Given the shadowing effects during Ni deposition and nonconformal Ni coating ( Figure 1 and Figure 3 ) as well as the thin FIB lamellae examined here, void formation on the sidewall of the reacted nanowire was unavoidable but can be resolved with conformal coating and wider Ni contacts.
In summary, we report the first direct observation of solidstate reaction dynamics between a metal (Ni) and a semiconductor (In 0.53 Ga 0.47 As) nanowire along its crosssection. At typical temperatures at which the crystalline Ni 2 In 0.53 Ga 0.47 As phase grows on planar In 0.53 Ga 0.47 As surfaces, the nanowire cross-section experienced a solid-state amorphization step and forms Ni x In 0.53 Ga 0.47 As (x < 2). During this amorphization process, nickelide reacts in a layer-by-layer manner proceeding by ledge movements on {111} facets along <112> directions. Nickelide ledge movement events were recorded with time-sequenced high-resolution TEM images. These show that the phase transformation occurs through the evolution of stepped edges on non-{111} facets and their consequent elimination resulted in an equilateral rhombus-like region bounded by {111} planes. The interface between Ni and the In 0.53 Ga 0.47 As nanowire was found to significantly influence the reaction kinetics and was captured by a model that we developed specifically for the cross-sectional geometry of nanowire channels. Finally, the amorphous Ni x In 0.53 Ga 0.47 As (x < 2) phase regrew into a single crystalline Ni 2 In 0.53 Ga 0.47 As phase at temperatures above 375°C by the additional incorporation of Ni adatoms from the contact reservoir. Overall, the results presented here provide a general guide for the development of crystalline, self-aligned contacts in nanoscale channels and can be generalized to radial reactions of metallic and other alloys into nanowire cross sections.
Methods. We used the FEI Tecnai F30 TEM and Aduro 300 double-tilt heating stage (Protochips Inc.) to perform the in situ heating experiments in this work. We operated TEM at 300 kV at the minimum electron dose that could still maintain clear imaging at highest magnification (×1 M). The electron beam was never focused on the area of interest in order to minimize possible damage induced by electron beam. Digital video sequences were recorded at 3 frames/s, as the dynamic processes were slowed by well-chosen reaction temperatures. HRTEM images were extracted from the video frames and processed using the software package DigitalMicrograph where diffraction spots were masked and then inversed to enhance the image clarity. The compatible AHA thermal E-chips (SiN x membranes, from Protochips Inc.) served as the heating platform for our experiments, on top of which a conductive ceramic membrane provided resistive heating and thermocouple feedback temperatures to the controller. Temperatures in this paper were given by the readings on the controller with company-provided temperature calibration files for each thermal E-chip and through a comparison of reaction rates and morphologies with experiments performed ex situ where temperatures were measured using a thermocouple. We used a 1°C/s ramping rate during the heating experiments, and the stage stabilized within 2 min after reaching the desired temperatures. To prepare our specimen on top of the thermal E-chips, we first fabricated the In 0.53 Ga 0.47 As nanowire structures with Ni contacts on a separate Si substrate (see section I of SI).
28,34 Then, we used the focused ion beam (FIB) to cut the lamellae specimen and in situ lift it out inside a SEM (FEI Nova 600) chamber. Finally, the lamellae was transferred on top of the membrane of a thermal E-chip horizontally, followed by further thinning of this lamellae until reaching ebeam transparency.
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.nanolett.6b04713.
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( Figure 1&2 in the main text, and type (ii) specimen corresponds to the results shown in Figure 3 .
To compare the interfacial properties of those two types of specimens after Ni deposition, another set of samples was prepared on a planar InGaAs film with identical interfacial treatments. As shown in Figure S1 , both type (i) specimen (Fig. S1 a-c) and type (ii) specimen (Fig. S1 d-f) showed uniform interfaces over long range. With the interfacial oxide layer, the element Ni and InGaAs were separated sharply, while Ni and InGaAs were readily intermixed upon deposition at room temperature for the sample without the interfacial oxide layer. This can also be observed from elemental line-scans (Fig. S1 g-h) where the type (i) specimen had a sharp change of composition from Ni to InGaAs at the interface, and where the type (ii) specimen had a more graded change of composition from Ni to InGaAs. Inside the intermixing region, the Ni element maintained a 3 relatively smaller change in composition than that in the InGaAs film. This intermixing nickelide layer that is present for specimens without a interfacial oxide layer was caused by the latent heat during Ni condensation from vapor phase into solid phase as will be further discussed in section II. 
II. Origin of the intermixing layer in between as-deposited Ni and InGaAs
There are several possible reasons that may cause the intermixing between as-deposited Ni and InGaAs, including chamber overheating during evaporation, ion-beam-induced metal-semiconductor reaction, 5, 6 or latent heat released from the condensation of metal atoms from vapor phase, 7,8 which we validated to be the cause below.
Firstly, we deposited the Ni in our experiments with an electron-beam evaporator with a total thickness of 100nm. Ni was deposited slowly (0.7 Å/s) to prevent exaggerated stress and overheating, and the chamber was cooled down for 30min halfway after the deposition of the first 50nm of Ni.
We also did a control experiment by depositing Ni by sputtering at room temperature where the surface pre-deposition treatments for InGaAs were similar to those samples that underwent electronbeam evaporation. The results are shown in Figure S3 , with very similar interfacial structures as those with e-beam evaporated Ni, indicating that the Ni-InGaAs intermixing layer was not introduced by over-heating in the electron-beam evaporation chamber. Similarly, we excluded the possibility of ion-beam-induced metal-semiconductor reaction, also called ion-beam mixing, by processing FIB milling in a tilted angle (shown in Figure S4 ). Here, the Ni layer was deposited on two ends of InGaAs channel with HCl treated surface (no surface oxides present). After FIB milling, the interface structures were characterized under TEM. We found that the Ni-InGaAs intermixing layers were identical on both sides, and that both of them extended slightly out of the edge of Ni contacts. Ion-beam mixing is usually caused by penetrating energetic ions through the interface between a metal-film and semiconductor, overcoming equilibrium constraints in localized regions, and forcing atomic rearrangement, which will be localized and directional. This is contradictory to our observations here. The third possibility is that the latent heat released from the condensation of metal atoms from vapor phase. In fact, when a metal and a semiconductor are brought in contact at room temperature, an intermixing layer can be readily formed between them due to the screening coulomb interaction by free electrons in the metal, which weakens the covalent bonding energy at the semiconductor surface. 9, 10 However, the intermixing layer due to electron screening is usually a monolayer or two thick. It has been previously observed that the as-deposited metal on semiconductor can introduce thicker (few nanometers) amorphous intermixture caused by the negative heat (latent heat) from metal condensation. The amorphous interfacial layers between the deposited metal and semiconductor were also observed in other metal/III-V systems. 11, 12 8
III. Derivation of the diffusion model in nanowire cross-section
The fluxes of Ni atoms in the three processes as shown in Figure 4 , can be expressed as: 
hence: we can write,
Here, the three terms in the denominator represent three rate-limiting mechanisms. If these three rate-limiting mechanisms are separately considered, the differential equation can be solved.
(i) If Ni dissolution at the Ni/nickelide interface is the rate-limiting step, we obtain: To solve the equation , we can assume , and then obtain .
We then perform integration of this equation across the entire nickelide region:
Using known integrals for logarithmic functions, , we obtain: 
VI. List of supporting movies
Movie S1: Solid-state amorphization process during Ni reaction with InGaAs nanowire crosssection that had a thin InGaAs surface oxide layer in between. The reaction was recoded 11 at 180 °C. The frame rate is accelerated by 8 times.
Movie S2: Solid-state amorphization process during Ni reaction with InGaAs nanowire crosssection that had a Ni-InGaAs intermixing layer in between before the reaction started.
The reaction was recoded at 180 °C. The frame rate is accelerated by 8 times.
Movie S2: Solid-state regrowth of the amorphous nickelide phase into well-aligned crystalline structure. The reaction was recoded at 375 °C. The frame rate is accelerated by 8 times.
Scale bars in all movies are 2 nm.
